The incidence of non-Hodgkin's lymphoma (NHL) has doubled over the past two decades in the US and most other westernized countries. While improved cancer reporting, changes in lymphoma classification, and increases in AIDS-associated lymphomas have contributed to the startling escalation of disease incidence, these factors are estimated to account for only about 50% of the increase in observed incidence. The elucidation of etiologic factors and their mechanistic role in the pathogenesis of this malignancy are critical to advancements in disease prevention and treatment. Current evidence suggests that factors/conditions that precipitate either chronic antigenic stimulation or immunosuppression may provide a preferential milieu for development of NHL. High rates of lymphoma have been observed among individuals with autoimmune disease, organ transplants, and primary or acquired immunodeficiencies. Ultraviolet radiation, previously demonstrated to have an immunosuppressive effect, has also been suggested as a possible risk factor for NHL. Several pathogens have been linked to the risk of lymphoma, including Epstein-Barr virus, human immunodeficiency virus, human T-cell lymphotropic virus-1, Helicobacter pylori, hepatitis C, and simian virus 40. Whether these microbes are responsible for specific genetic mutations that initiate tumor growth, antigenic stimulation leading to B-cell proliferation, and increased potential of random cell replication errors, or immunosuppression, which thereby promotes tumor growth, has not been clearly delineated. Other exogenous factors which have been implicated in lymphomagenesis are chemicals and agricultural exposures, hair dyes, and blood transfusions. We must build on our current knowledge regarding the etiology of NHL in order that prevention, treatment, and ultimately, cure of this malignancy becomes a reality.
Introduction
While the incidence of non-Hodgkin's lymphoma (NHL) has doubled over the past two decades in the U.S., the etiology of the most common types of lymphoma remains elusive (American Cancer Society, 2001) . The treatment and, ultimately, the prevention of this disease are dependent upon our success in identifying those factors that incite the emergence and promotion of these hematologic malignancies. While some factors associated with an increased risk of this disease have been identified, the elucidation of clear etiologic factors and their mechanistic role in pathogenesis has been challenging.
The lymphomas encompass an array of heterogeneous malignancies that originate in lymphocytes. The current taxonomy, recently adopted by the World Health Organization (Harris et al., 1999) for the classification of the various types of lymphoma, represents a revision of the previous system known as the Revised European-American Classification of Lymphoid Neoplasms (REAL) (Harris et al., 1994) . This classification recognizes Hodgkin's disease, B-cell neoplasms, and T/NK-cell tumors. Hodgkin's Disease, distinguishable by the presence of multi-nucleated Reed-Sternberg cells (Reed, 1902) , represents only about 12% of all lymphomas. This neoplasm is somewhat unique related to its epidemiology, etiologic links, treatment, and prognosis, thus it will not be discussed further. This review will focus on the more common non-Hodgkin's lymphomas which encompass a large number of distinct entities that are recognized based on their natural history as well as morphologic, immunophenotypic, and genetic features.
Lymphocytes arise from hematopoietic stem cells and undergo differentiation to a specific phenotype expressing unique cell surface receptors and having a distinct morphology. Lymphoma tumor cells are a malignant form of these precursor lymphocytes arrested at a specific stage of differentiation. The transformation of these cells represents a multi-step process involving the progressive accumulation of genetic lesions that result in the clonal expansion of malignant T-or B-cells, and the establishment of either a solid or leukemic malignant process. Chromosomal translocations, usually balanced reciprocal recombinations, are the genetic hallmark of lymphoid malignancies; their presence has been confirmed in up to 90% of NHL cases (Offit et al., 1991; Grogan and Miller, 1995; Ye, 2002) . Many of these aberrations represent errors that occur during antigen receptor gene rearrangements involving the immunoglobulin genes of B-cells and the T-cell receptor genes (Tycko and Sklar, 1990) . At a molecular level, these translocations with or without additional chromosomal deletions and mutations may precipitate oncogene activation or tumor suppressor gene inactivation. Oncogenic viruses provide another potential avenue for genetic lesions in NHL; these viruses are capable of altering the lymphoid cell genome by the introduction of exogenous genes that interfere with normal cell growth and regulation (Gaidano and Dalla-Favera, 1997) .
The diversity of lymphoma subtypes has introduced challenges in the investigation of this complex disease; researchers constantly struggle with consideration of lymphoma as a single disorder versus the more likely possibility that it actually represents a mixture of different disease entities with potentially varying etiologies.
Epidemiology

Descriptive epidemiology
In 2004, 54 370 new cases of NHL and approximately 19 410 deaths from the disease are expected (American Cancer Society, 2004) . As the fifth most commonly occurring cancer in both men and women, there are approximately 19 new cases per 100 000 persons in the US each year (Greenlee et al., 2001; SEER, 2003) . The disease occurs more often in whites than in blacks, and it is about 50% more common among men than women.
Between 1978 and 1995, the annual age-adjusted incidence rates for white and black males were 17.1 and 11.5 per 100 000, respectively. For white and black women, the rates were 12.6 and 7.4 per 100 000 (Groves et al., 2000) . Incidence rises exponentially with age, as shown in Figure 1a and b. In persons over the age of 65, the incidence of disease rapidly increases to 68/100 000. While aggressive lymphomas are the most common lymphoid neoplasm in young adults, both aggressive and indolent lymphoid malignancies are more typically diagnosed in patients 50 years of age and older.
NHL occurs worldwide and is strongly correlated with socioeconomic status. The disease is most common in developed countries, with US rates exceeding those of most other countries in the world. Notable are the unusually low rates of NHL reported in Thailand and China (2-3/100 000). The occurrence of NHL subtypes varies by geographic area. For instance, Burkitt's lymphoma is most common in tropical Africa; the highest rates of adult T-cell lymphoma occur in southwest Japan and the Caribbean; and follicular lymphomas are extremely rare in Latin America (Shipp et al., 1997) .
Therapeutic approaches for this disease are based on the specific lymphoma subtype, the stage of disease, the physiologic status of the patient, and the prognosis. While chemotherapy and/or radiotherapy are curative in some patients, many with primary or relapsed disease remain refractory to conventional treatments. For some subtypes, extended remissions have been achieved using either newly developed monoclonal antibodies directed against lymphoma cells or high-dose chemotherapy regimens paired with stem cell transplantation. Survival varies considerably by specific subtype; however, the overall 5-year survival rate for this malignancy remains relative stable at 53% Ries et al., 2001) .
Trends in NHL incidence
Non-Hodgkin's lymphoma rates have steadily increased 3-4% each year in the US from 1973 to the mid 1990s (refer to Figure 2 ). Most other Westernized countries in which registry data are available have reported similar trends (Devesa and Fears, 1992) . These increases in NHL have been observed in males and females, whites and nonwhites, and all age groups except the very young. With the exception of skin malignancies, such temporal increases in cancer incidence are unprecedented.
Since 1980, NHL incidence in males, aged 25-54, has undergone dramatic escalation, mostly related to the HIV epidemic. While high-grade lymphomas have doubled in females and tripled in males between 1978-83 and 1990-95, a larger absolute increase has occurred in the intermediate grade lymphomas (Groves et al., 2000) . While increases in disease incidence have been documented in essentially every subtype of NHL, patterns of disease at presentation have also changed. In the past two decades, there has been a sharp rise in Figure 1 (a) SEER 1996-2000 age-specific incidence rates of NHL by gender; (b) SEER 1996-2000 age-specific incidence rates of NHL by race Epidemiology of non-Hodgkin's lymphoma SG Fisher and RI Fisher the incidence of extranodal primary lymphomas, representing 33% of all incident lymphomas in the US in 2000. Although stomach and skin remain the most common extranodal sites, primary disease in the brain has sharply increased (Groves et al., 2000) .
Improved cancer reporting, more sensitive diagnostic techniques particularly for borderline lesions, changes in classification of lymphoproliferative diseases, and, in particular, the increasing occurrence of AIDS-associated lymphomas have contributed to the startling escalation of disease incidence (Hartge and Devesa, 1992) . However, extensive analyses have led to the conclusion that these factors account for only about 50% of the additional cases of NHL (Banks, 1992; Hartge and Devesa, 1992; Holford et al., 1992) . Since 1995 NHL incidence among males has decreased somewhat, reflecting the decline in the number of HIV positive individuals developing AIDS and the improved immune status of those with AIDS resulting from the introduction of highly active anti-retroviral therapy (HAART). However, available data suggest that the non-AIDS-related NHL incidence rates have continued to increase, specifically the rates among females, older males, and blacks (Eltom et al., 2002) .
Etiology of NHL
Pathogenesis
The biologic mechanisms responsible for the initiation of cancer and the continuous promotion of tumor growth through proliferation and expansion of a malignant cell remain a complex mystery. However, it seems certain that the accumulation of genetic lesions may render cells malignant, and clonal expansion of these cells is allowed due to dysregulation of cell growth, cell signaling pathways, programmed cell death, and/or immune eradication processes. Although the specific mechanism responsible for the development of NHL has not been determined, a few components of the process have been suggested. Chronic antigenic stimulation increases B-cell proliferation, which in turn increases the probability of a random genetic mistake, particularly related to immunoglobulin gene rearrangements. Factors that induce proliferation thereby potentially lead to more errors. In cases in which a virus acts as the foreign stimulant, the virus itself may infect a normal cell and integrate viral DNA into the host genome, thereby transforming the cell into a malignant cell capable of self-replication. In either case, antigenic stimulation has been demonstrated to lead to a compensatory downregulation of the T-cell response, that is, an immunosuppressive state. Other factors that independently precipitate an immunosuppressive state may act as cofactors in lymphomagenesis by further inhibiting the recognition and protective eradication of a malignant cell. Although the data are less compelling, another possible mechanism is that a lymphoid cell undergoes mutation by an environmental carcinogen and its growth progresses uninterrupted due to some immune dysfunction.
The uniform escalation in NHL incidence, independent of both demography and geography, implicates an increasing exposure either in time or intensity to a ubiquitous lymphomagenic agent. Although a myriad of endogenous and exogenous factors have been investigated, the etiology of most types of NHL remains elusive.
Hereditary factors
While cancer is considered a disease of the genes, most genetic lesions linked to other types of cancer represent somatic mutations. However, since evidence suggests that oncogenes, tumor suppressor genes, and DNA repair genes play an important role in carcinogenesis, inherited (germline) genetic susceptibility to NHL is conceivable, and certainly deserves consideration. Although unusual, aggregation of NHL in certain families has been observed (Linet and Pottern, 1992; Holly et al., 1999) . Having close relatives with NHL or other lymphoproliferative diseases has been associated with a 2.5-4-fold increase in the risk of NHL (Zhu et al., 1998; Paltiel et al., 2000) . Concerns have been raised that this association may merely represent the early identification of new cases in families with an increased awareness/knowledge of the early symptoms of NHL (Wiernik et al., 2000) . It is not clear whether familial clustering is truly attributable to genetic predisposition or rather to similar environmental exposures.
Primary, congenital immunodeficiency has been associated with a 12-25% risk of malignancy, of which NHL is predominant (Filipovich et al., 1992) . Ataxia telangiectasia, a condition marked by DNA processing and repair defects and impaired cell-mediated immunity, is associated with a 10% risk of diffuse large B-cell lymphomas. Approximately 15% of individuals with Wiscott-Aldridge syndrome develop diffuse large B-cell lymphomas; these neoplasms are primarily extranodal, frequently involve the central nervous system (CNS), and are usually Epstein-Barr virus (EBV) positive (Levine, 1994) . Both subacute combined immunodeficiency and X-linked lymphoproliferative syndromes are also associated with a greater risk of aggressive Epidemiology of non-Hodgkin's lymphoma SG Fisher and RI Fisher lymphomas, often EBV positive and presenting in an extranodal site (Filipovich et al., 1992) . In general, familial lymphomas account for less than 5% of all cases, and primary immunodeficiency is quite rare; therefore, hereditary factors are unlikely to account for a substantial number of cases, and they are unlikely to explain the temporal trends in NHL incidence in the last quarter of the 20th century.
Immunosuppression
The only predisposing factor both consistently and strongly associated with NHL risk is immunosuppression (Filipovich et al., 1992; Kinlen, 1992) . Although the incidence of most common forms of cancer among immunosuppressed individuals does not differ from that of the normal population, the data clearly suggest an important role of the immune system in the occurrence of NHL. Three host factors have been implicated in this increased risk: a high prevalence of EBV, defects in immunoregulation with resultant cytokine production, and genetic defects precipitating abnormal immunoglobulin and T-cell receptor gene rearrangement during lymphopoiesis (Filipovich et al., 1992) . Both the congenital (as previously discussed) and acquired immunodeficiencies that predispose persons to NHL have common features of immune dysregulation and persistent, chronic antigenic stimulation (Hoover, 1992) . In this setting, aggressive or highly aggressive B-cell tumors often develop that are widely disseminated and are frequently associated with EBV (Filipovich et al., 1992) .
As with congenital immunodeficiencies, increases in NHL are seen with autoimmune conditions such as rheumatoid arthritis (Kamel et al., 1995) , systemic lupus erythematosus (Pettersson et al., 1992 ), Sjogren's syndrome, and celiac disease (Harris et al., 1967) . Although immunosuppressive drugs used in the treatment of these conditions may cause an increase in NHL incidence, evidence suggests that the persistent inflammatory activity of the autoimmune process may have a direct link with increased risk of lymphomagenesis (Jonsson et al., 1999) . Wahl et al. (1983) demonstrated that these conditions may be accompanied by impaired T-cell function, which may interfere with an immune response to viruses and emerging malignant cells. Baecklund et al. (1998) demonstrated a 25-fold increase in the risk of NHL among persons with highly inflammatory rheumatoid arthritis as compared to a similar group having low inflammatory disease; this risk was independent of treatment.
Individuals with secondary immunodeficiency, both drug-induced for the purpose of either suppressing posttransplant organ rejection or treating autoimmune diseases and acquired as a result of HIV infection, also have a striking risk of NHL. Many of these malignancies are associated with the presence of EBV infection. In this population, tumors are characterized by short latency, high grade, and a proclivity for extranodal sites (Cleary and Sklar, 1984; Kinlen, 1992) . In organ transplant populations, the magnitude of the excess risk of NHL varies widely depending on the degree, duration, and type of immunosuppression, but relative risks approach 67.0 (Opelz and Henderson, 1993) Cardiac transplant patients, considered to require the highest doses of immunosuppressive drugs, develop NHL as the most commonly occurring malignancy. The cumulative incidence rate of NHL among cardiac transplant recipients approaches 5%. Swinnen et al. (1990) reported a substantial increase in NHL incidence among cardiac transplant patients treated with the monoclonal antibody OKT3, which profoundly depletes circulating CD3 þ T lymphocytes. A striking feature of post-transplant lymphomas is the short interval from transplant to clinical presentation of malignancy, often within 6 months, and a remarkable predilection for the brain (Palackdharry, 1994) . Some of these tumors reflect an outgrowth of EBV-immortalized cells, suggesting a failed immunosurveillance (Ambinder et al., 1999) . Primary EBV infection after transplant has been identified as a powerful risk factor in this population, accounting for the particularly high rate of posttransplant lymphomas in children who were EBV negative at the time of transplant. The critical role of immunosuppression in the development of these lymphomas is evidenced by the high rate of tumor regression observed in those cases in which immunosuppressive drugs are withdrawn.
Acquired immunodeficiency syndrome (AIDS)
NHL represents one of the most common malignancies associated with human immunodeficiency virus (HIV) infection. As early as 1985, NHL was recognized as an AIDS-defining condition; approximately 4% of all AIDS cases first present with NHL (Selik et al., 1987; Del Maso and Franceschi, 2003) . The estimated relative risk of NHL among those with AIDS is 150-250 (Goedert, 2000) . These tumors are invariably derived from B-cells and most often present as either high (60%) or intermediate grade malignancies. With 60-70% being stage III or IV at presentation, these neoplasms are characterized by a widespread extent of disease at diagnosis and usually occur late in the course of AIDS. HIV is not considered to be an oncogenic virus, and, in fact, HIV sequences have never been unequivocally demonstrated within neoplastic lymphoid cells. HIV may, however, contribute to lymphomagenesis by impairment of cell-mediated immunity and increased opportunity for virally induced cell proliferation, leading to an accumulation of genetic lesions (IARC Working Group, 1996) . HIV-associated cancer risk increases as CD4 counts decrease, suggesting that increasing immunosuppression in the presence of viral antigenic stimulation may be critical in lymphomagenesis (Biggar et al., 2001) . Approximately 80% of AIDSrelated NHLs occur at extranodal sites, of which the CNS is the most common. EBV is consistently detected in these tumors as well as in the cerebrospinal fluid of AIDS-related cases (Cinque et al., 1993) . The AIDS epidemic has had no measurable effect on the incidence of low-grade NHL (Rabkin et al., 1991) .
Although the number of persons being diagnosed with HIV infection continues to increase, median survival has also increased. HIV-related mortality has decreased by 50% in the US (Palella et al., 1998) . This extended survival is attributable to HAART, which is now used to treat 60% of all HIV-positive individuals in the US (Jacobson et al., 1999; Moore and Chiasson, 1999) . Improved survival with increasing disease incidence results in a rapidly inflated prevalence rate of disease. Sustained elevations of CD4 lymphocyte counts and effective suppression of HIV replication in some subjects treated with HAART have led to partial immune restoration, which is perceived to have resulted in a 42% reduction in AIDS-related NHL in 1997-99 compared to 1992-96. This decrease, however, has only been seen with CNS lymphomas; there has been minimal to no reduction in systemic NHLs. Scientists worry that this recent reduction in incident cases of lymphoma may represent a mere delay in the onset of AIDS-related malignancy, and eventually greater rates of NHL will be observed as individuals with AIDS survive longer. Clearly, the long-term repercussions of HAART on AIDS-related NHL incidence have yet to be defined. In the meantime, the challenge to understand the interaction between significant HIV-induced immunodeficiency, virally induced antigenic stimulation related to HIV, EBV, and/or HHV8, and resulting B-cell proliferation in the initiation and promotion of NHL continues.
Ultraviolet radiation
While there is no consistent evidence linking ionizing radiation to NHL, ultraviolet radiation (UVR) has been associated with NHL. Increasing recreation time, changing fashions leading to more skin exposure, and the cosmetic desirability of tanning have contributed to increasing UVR exposure in recent years. The increasing incidence of NHL parallels the escalating annual rates of skin cancer in the US, with high rates of disease in sunny geographic areas. Such disease pairing may sometimes provide etiologic clues to disease causation. The immune system appears to play an important role in both skin cancer and NHL. Among immunosuppressed organ transplant recipients, a 50-100-fold increase in skin cancer risk has been reported. Levi et al. (1996) confirmed an excess of skin cancers following NHL and an excess of NHL following skin cancer, again suggesting a common etiologic factor.
Photoimmunology, the study of the immunological effects of UVR, is now recognized as a unique entity of scientific investigation. About 25 years ago, the pioneering work by Fisher and Kripke (1982) demonstrated in an animal model the profound effect of UVR in not only changing normal cells into cancer cells but also permitting the outgrowth of transformed cells by depressing the immune response (Vink et al., 1996) . The immune alteration appeared to be systemic, since tumors implanted outside of an irradiated area grew progressively. The decrease in immune function was specifically targeted in studies in which chronic exposure of mouse T-lymphocytes to UVB radiation caused inhibition of immune responsiveness to antigenic tumors and also interfered with both contact and delayed hypersensitivity reactions. Kripke and colleagues demonstrated the critical role of soluble mediators in this response by showing that exposure of murine keratinocytes to UV radiation in vitro caused the production of soluble factors that mimicked whole body UV irradiation (Fisher and Kripke, 1982) . Injection of these factors into normal mice, followed by immunization, induced active suppression. IL-10 and TNF alpha were identified as major mediators of suppression in delayed and contact hypersensitivity reactions, respectively (Vermeer and Streilein, 1990; Rivas and Ullrich, 1992) .
In humans, sunlight exposure in susceptible individuals produces acute UV injury, resulting in both inflammatory and immunomodulatory responses; these represent two integrated, complex processes. Kripke (1994) suggests that it is the absorption of UVR by these cells and resulting DNA damage that triggers the biochemical cascade of immunosuppression. Responses include a transient decrease in human NK-cell number and activity, and a decrease in helper T-cell subsets, accompanied by an increase in suppressor T-cell subsets. Studies have demonstrated that such UV irradiation can also impair immunity to infectious agents (Jeevan and Kripke, 1990) . Such findings suggest that increased sun exposure may alter the balance of the host-disease relationship in favor of pathogens.
Studies have implicated UVR in risk of NHL, but data remain inconclusive Melbye et al., 1996) . A moderate international geographic correlation of UVR levels and NHL incidence has been reported (McMichael and Giles, 1996) . Investigations of the cancer-causing effect of Agent Orange demonstrated the highest rates of NHL among veterans stationed on the ground in low exposure areas and sailors off the coast (Breslin et al., 1988) . These results allow for consideration of an alternate hypothesis, that is perhaps increased exposure to UVR with resultant subclinical immunosuppression could account for the greater than expected number of NHL occurrences in this study sample. Similarly, findings of a higher risk of NHL among farmers may be attributed to the increased UVR exposure that accompanies outdoor work as opposed to chemical exposures, which are more often examined in these studies.
Viruses and other pathogens
Recently, the number of viruses and microbes that have been associated with HIV-negative NHL is steadily increasing. The role of these pathogens in NHL will briefly be discussed.
EBV A member of the herpes family, EBV, is a ubiquitous virus that persistently infects approximately 95% of adults in the US. While primary infection is usually subclinical in nature, the virus is maintained indefinitely as a plasmid in the cytoplasm of resting Bcells. While it appears that the majority of NHLs in persons without primary or secondary immunodeficiency are EBV-negative, viral prevalence has not been systematically examined to optimally describe the epidemiology of EBV in this population.
In Africa and New Guinea, Burkitt's lymphoma is endemic and evidence has consistently demonstrated episomal EBV genome in the tumor tissue, whereas less than 20% of Burkitt's lymphomas occurring in other geographic locales are EBV positive. In the normal host, EBV-driven lymphoproliferation is thought to be primarily controlled by EBV-specific autologous cytotoxic T-cells, antibody-dependent cellular cytotoxicity, natural killer cell activity, and endogenous interferon. The EBV-specific immunological control is delicately balanced to maintain the EBV in latency following primary infection. In the immunodeficient host, suppressor and cytotoxic functions are often defective and EBV-infected B cells can resume proliferation. The high mitotic index of EBV-transformed cells increases the probability of mutational events that precipitate the growth of cells that bear cytogenetic rearrangement and that are not susceptible to regulatory stimuli (Filipovich et al., 1992 ). It appears that, among immunocompetent individuals, the immune system does not protect against the initial EBV infection; however, the development of malignant clones of infected B-cells is prevented by the immune system (Kast et al., 1998) . It has been proposed that this process of immunosurveillance may be dependent upon the recognition of viral antigens on the tumor cell surface by cells of the immune system, thus explaining the high rate of EBV-associated NHL observed in immunosuppressed populations. Unlike the endemic forms of Burkitt's lymphoma in which episomal EBV is found in the genome of tumor cells, the sporadic types are indistinguishable by histopathology and chromosomal abnormalities, yet 10-20% are EBV positive. EBV transforms lymphocytes and produces polyclonal tumors in subhuman primates and immunosuppressed patients, indicative of its oncogenic potential. Since almost 90% of people in developed countries are infected with EBV, as are 99% of those in developing countries, it is clear that the virus may be necessary but not sufficient for lymphomagenesis. Immunosuppression due to widespread malaria in Africa may potentiate EBV effects (Morrow et al., 1976) . It has been suggested that as EBV genomepositive cells increase during malaria infection, so does the chance of cytogenetic abnormalities occurring in B cells with potential development of Burkitt's lymphoma. The actual role of EBV in maintaining the transformed phenotype is not clear.
HTLV Adult T-cell leukemia/lymphoma (ATLL) was first identified in 1976 by Takatsuki et al. (1976) and described in a cluster of southern islands in Japan. In 1978, human T-cell lymphotropic virus-1 (HTLV-1) was identified as the etiologic agent, a retrovirus producing slow, progressive infection and known to precipitate immunosuppression. The evidence that HTLV-1 has an etiologic role in ATLL is compelling, as the malignant cells in essentially all antibody-positive cases have monoclonal integrated provirus (Mueller et al., 1992) . While the mechanism of pathogenesis is not clear, it has been proposed that repeated virus replication leads to polyclonal expansion of the HTLV-1-infected activated T helper cells. In healthy individuals, the expansion of these cells is controlled by immunity against viral proteins, but occasionally repeated replication of an infected cell occurs. Such cells then undergo monoclonal expansion and may progress to a malignancy (Yosida et al., 1985) .
This virus is highly endemic in Japan and the Carribean; however, cases have been identified among previous residents of viral endemic regions. In these regions, ATLL accounts for 50% of all lymphoid malignancies. Exposure to the virus early in life is not uncommon; such early transmission is associated with the greatest risk of disease (Cleghorn et al., 1995) . Carriers of HTLV-1 have a cumulative lifetime risk of ATLL of 1-5% (Murphy et al., 1991) .
Helicobacter pylori Helicobacter pylori, a gastric pathogen, causes chronic gastritis and has been shown to have a pivotal role in peptic ulcer disease and gastric lymphoma particularly of the MALT (mucous-associated lymphoid tissue) type. Wotherspoon et al. (1991) found H. pylori infection in 92% of the cases of primary gastric MALT lymphoma, and suggested that infectioninduced gastritis provides the background lymphoid tissue in which NHL develops. A sixfold increase in risk (CI 2.0-19.9) of gastric lymphoma related to H. pylori seropositivity has been demonstrated with no increase in lymphomas at other sites (Parsonnet et al., 1994) . In vitro experiments have demonstrated that malignant B cells proliferate only after T-cell specific activation by H. pylori (Hussell et al., 1996) . The association is now well established based on: evidence demonstrating an association between previous H. pylori infection and the development of primary gastric lymphoma, confirmation of the importance of H. pylori in the pathogenesis of gastric lymphoma in vitro studies (Hussell et al., 1993) , and clinical evaluation of the positive effects of eradicating the organism in cases of low-grade lymphoma. The lymphoproliferative conditions have shown regression with HP-specific antibiotic therapy (Wotherspoon et al., 1991) . These findings support that chronic antigenic stimulation and inflammation may precipitate this lymphoid malignancy.
Human herpes virus 8 Human herpes virus 8 (HHV8), primarily associated with Kaposi's sarcoma, has been detected in the majority of subjects with primary effusion lymphoma, a rare presentation of a body cavity-based lymphoma seen almost exclusively in HIV positive patients. These patients often present with dual EBV and HHV8 infection; therefore, delineation of the etiologic role of each virus is difficult (IARC, 1997) . These neoplasms have been demonstrated to be monoclonal expansions of a single infected cell, suggesting that the viral infection precedes tumor growth (Melbye and Trichopoulos, 2002) .
Hepatitis C Approximately 170 million people worldwide are infected with Hepatitis C virus (HCV), a single-strand RNA virus. Although not known to be oncogenic, HCV is thought to have some immune modulatory effects. HCV is lymphotropic and has been shown to replicate in peripheral blood mononuclear cells. Several investigators have reported an increase risk of NHL with hepatitis C infection (Luppi et al., 1996; De Vita et al., 1997) A recent meta analysis of 48 studies of B-cell NHL (5542 patients) showed a HCV prevalence among these cancer patients of 13% (CI 12-14%). In 10 of these studies in which matched controls were included, the background prevalence was 1.5%. The association between HCV and NHL is strongest in geographic areas with the highest prevalence of the viral infection. HCV prevalence in the US is lower than many European countries; in US studies the rate of HCV in NHL cases is reported to range from 0 to 22%. It has been proposed that the E2 protein of HCV may be responsible for chronic antigen-driven polyclonal B-cell proliferation, which may lead to lymphomagenesis (De Re et al., 2000; Gisbert et al., 2003) .
Simian virus 40
Simian virus 40 (SV40), a monkey polyomavirus known to contaminate the Salk polio vaccine, has been demonstrated to cause tumors in laboratory animals. Some of these tumors were identified as lymphoid malignancies. Two early investigations of SV40 and NHL were conducted (Rizzo et al., 1999; David et al., 2001) . Although in both studies SV40-positive specimens were identified, viral copy numbers were quite low. Both studies concluded that there was no evidence of an association between SV40 and NHL. In contrast, two recent reports convincingly showed SV40 sequences in NHL (Shivapurkar et al., 2002; Vilchez et al., 2002) . Both found nearly identical rates of SV40 sequences (42 and 43%). Both diffuse and follicular types of B-cell lymphomas, the most common types, were positive. There was no difference in rates of SV40 positivity between HIV-positive and HIV-negative lymphomas. Five of the SV40-positive NHL tumors were from subjects born after 1963, suggesting that persons not inoculated with contaminated polio vaccine may, in fact, have been infected with SV40. There is evidence that SV40 is transmitted both vertically and horizontally. Serologic surveys suggest infection rates of 3-20% among recipients of contaminated as well as noncontaminated vaccine. A recent retrospective study in Japan demonstrated a fourfold increase in the odds of SV40 in large B-cell lymphomas (19%) compared to controls (4.7%), suggesting that SV40 may be a candidate etiologic factor for lymphoma in Japan as well as in the US (Nakatsuka et al., 2003) . Laboratory studies suggest that SV40 is capable of transforming human cells. While the oncogenic potential of SV40 is attributed to large T antigen, a multifunctional transforming protein that is required for DNA replication, the direct role of this virus in the development of NHL is not clear. Given the high prevalence of the virus reported in lymphoma specimens tested in some studies, further investigation of this infectious agent is warranted.
Other pathogens Recently, infection with Borrelia burgdorferri has been linked to lymphoproliferative conditions, which have been known to evolve into a primary cutaneous B-cell lymphoma. The majority of these observations have come from European countries, with little evidence of such an association in North America (Willemze et al., 1997) . Mediterranean lymphoma is an unusual form of lymphoma that arises in small intestinal mucosa-associated lymphoid tissue. Early-stage disease regresses with antibiotic treatment, suggesting a bacterial etiology. In a recent small series, five of seven tumor specimens of Mediterranean lymphoma tested positive for the bacteria, Campylobacter jejunei (Lecuit et al., 2004) . Recently, an association between Chlamydia psittaci infection and ocular adnexal lymphoma was also reported (Ferreri et al., 2003) . NHL has also been associated with a history of numerous chronic infectious diseases including herpes zoster, pyelonephritis, tuberculosis, and malaria (Tavani et al., 2000) . Clearly, the number of pathogens that may be responsible for immunoproliferative neoplasms is growing. The specific role of these infectious agents may relate to the initiation of the malignancy by immunostimulation or to disease promotion via immunosuppression.
Summary As medical care continues to improve and more potentially immunocompromised individuals enjoy increased longevity, an increased incidence of NHL should be anticipated. Further advances in molecular diagnostic techniques may allow additional viruses to be identified that may have a role in the pathogenesis of lymphoma. Regardless of the infecting organism, it appears that in humans immunosuppression is a critical phase during which latent infections precipitate tumorigenic processes.
Chemical/agricultural exposures
Given the excess mortality from cancer observed in the central US from 1950-1980, agriculture-related environmental exposures have been ambitiously investigated. The role of environmental exposures in NHL is uncertain since the studies are marked by small study populations with poorly characterized exposures. Problems include: limited statistical power; poor quality of exposure measurements; minimal efforts to control for confounding; and lack of evidence related to dose response, temporality, and biological plausibility. Some studies have demonstrated high rates of NHL among agricultural workers and persons working with pesticides. Death certificate analysis showed that while farmers had a lower risk of cancer overall, they had higher than expected rates of lymphoma (Blair and Zahm, 1991) . While many studies were positive, they did not specifically address the causative exposure which in farmers could include pesticides, animal pathogens, and UVR.
Chemical exposures have been shown to increase genetic mutations and alter cell-mediated immunity (D'Amore et al., 1992) . These substances may, therefore, generate a genetic mutation followed by a systemic immunosuppressive effect, which may interfere with normal immunosurveillance. Exposure classification for many of the studies related to chemical carcinogens is frequently based on self-report from known lymphoma cases; therefore, risk of bias must be considered. Phenoxy herbicide, which is widely utilized both in agriculture and in the general population, has been most consistently associated with higher risk of disease; however, inadequate evidence of a dose-response relationship has raised doubts regarding the significance of this exposure (Pearce, 1989; D'Amore et al., 1992) . Herbicide 2,4-D has been associated with a 50-200% excess of NHL, with the most frequent or heaviest exposure generating relative risks of 3-8.0 (Hoar et al., 1986; Wigle et al., 1990; Zahm et al., 1990) . However, in a recent review, Garabrant concludes that there is scant epidemiologic evidence to support any increase in cancer of any type due to 2,4-D exposure (Garabrant and Philbert, 2002) . Canine lymphoma has similarly been associated with dog owners who use 2,4-D and/or commercial lawn pesticide treatments. Lawn pesticide use is increasing 5-8% per year in the US and applications are thought to be completed five times more frequently than the application rate that is used on farms (Pimental et al., 1993) . Insecticides have also been linked to NHL (Hayes et al., 1991) . Additional studies of specific occupations and specific chemicals have suggested some increase in the risk of NHL among exposed persons; however, exposure assessment is quite difficult due to changing patterns over time. These problems of exposure measurement/classification have limited the conclusion that can be drawn from these studies.
Hair dyes
Hair dyes contain compounds that are mutagenic and carcinogenic in animals (IARC, 1978) . Excess lymphatic cancers have been reported in both hairdressers and persons whose hair is dyed. A recent study by Zhang et al. (2004) showed a 30% increase in NHL among women coloring their hair before 1980. In 1979, the FDA required a cancer warning label on hair dyes, which led to reformulation of all oxidative dye products. The highest risk was noted with dark hair dye (RR 2.1 (CI 1.0-4.0)) for more than 25 years of use. The greatest risk was in low-grade B-cell tumors. Although increasing numbers of women are coloring their hair, hair dye is unlikely to account for a significant proportion of the recent increases in NHL incidence, particularly among men.
Tobacco and alcohol
Tobacco has been shown to alter the immune response, and contains substances known to be leukemogenic; however, minimal support for an association of NHL with tobacco exists. A recent study conducted by Morton et al. (2004) included more than 2500 NHL cases from several countries and demonstrated no increase in NHL with tobacco use. A recent pooling of three population-based case control studies in the US also found no association between tobacco and NHL in men, and a weak, non-significant association in women (Zahm et al., 1997) .
While several studies detected no association with alcohol, one reported an inverse association between alcohol and NHL (Nelson et al., 1997) . Morton et al. (2004) found a significant reduction in NHL risk with alcohol use (RR 0.8, CI 0.7-0.9). This reduced risk was independent of the specific type of alcohol consumed, duration of alcohol use, and lifetime consumption. In a 9-year follow-up study of 35 000 Iowa women, Chiu et al. (1999) also detected a similar inverse association between alcohol intake and NHL risk . Neither alcohol nor tobacco seems to account for the increase in lymphoid malignancies currently being reported.
Blood transfusions
Several studies have demonstrated an association between history of blood transfusion and NHL. Potential biologic mechanisms that may have an etiologic impact include: oncogenic virus transmission, transfusion-induced immunosuppression, and engraftment of malignant lymphoma cells from donor. A population-based study of women in Iowa found a twofold or greater risk of NHL among persons receiving blood transfusions (CI 1.4-3.6) (Cerhan et al., 1993) . Three cohort studies have shown a significant increase in risk (RR 1.6-3.5) of NHL with history of blood transfusion, but case control studies have been negative (Blomberg et al., 1993; Memon and Doll, 1994; Cerhan et al., 2001) . Latency between transfusion and NHL diagnosis in these studies ranged from less than 6 years to 20 years. Given the likelihood of a multifactorial etiology, the association of transfusions or the underlying condition that necessitated transfusion to NHL risk is not clear. Interestingly, improved renal graft survival has been demonstrated with pre-transplant transfusions (Opelz et al., 1973) , suggesting an immunosuppressive effect subsequent to transfusion that is measurable for extended time periods (Landers et al., 1996; Klein, 1999) . The immunomodulatory effects of transfusions are proposed to induce a shift in endogenous cytokine secretion and a downregulation of T-cell activity while promoting a Th2 humoral response (Kirkley et al., 1995) . It may be appropriate to consider the potential ramifications of mild, subclinical immunocompromised conditions such as that postulated to occur after blood transfusion when combined with an asymptomatic or mild infection on risk of lymphoma.
Summary
NHL rates have risen rapidly in the past three decades. Before advances in the control and prevention of NHL are possible, a better understanding of the origins of the disease is required. The factors that facilitate the initiation and progression of NHL are merely different renditions of the same factors responsible for the regulation of normal lymphocytes. Three common themes underlying the emergence and perpetuation of NHL have been identified: (1) an episodic or persistent immunosuppressive state, which may be the result of primary or acquired immunodeficiency or exposure to an immunosuppressive agent such as UVR or blood transfusion; (2) chronic antigenic stimulation due to an autoimmune condition, viral infection, or allergic/ inflammatory agent; and (3) disruption of normal cell proliferation. Within this framework, each neoplasm emanates from a genetic mutation, either a random error or a mutation instigated by an oncogenic agent, and, ultimately, the growth of the malignant cell into an established tumor is promoted by one or more cofactors that interfere with the usual regulatory mechanisms.
Lymphomagenesis may be influenced by genetic, viral, environmental, and biologic factors. While many of these factors have been discussed, it is not certain which factors may serve as an initiator of malignancy and which promote the survival of a cancer cell, perhaps at times merely by ignoring its existence. Regardless, we must build on our current knowledge regarding the etiology of NHL and the mechanisms related to its progression. As knowledge is gained in these two arenas, prevention, treatment, and cure will evolve from promise to reality. Potential strategies that may be feasible in the future include: administration of vaccines and medications (antibiotics or anti-virals) to prevent or treat viral infections that are eventually demonstrated to be associated with NHL; development of immunotherapeutic treatments that will treat existing tumors whose growth may be dependent on the continued presence of a virus, or will enhance the immune response against the tumor; application of therapies that interfere with the factors necessary for tumor survival such as antiangiogenesis drugs and biologics that interrupt critical growth-signaling pathways in the tumor; new approaches to protect or strengthen the immune system against uncontrollable or unidentifiable insults such as vitamins and nutrients that will enhance immune surveillance during periods of increased exposure to carcinogenic factors or of anticipated immunosuppression such as during medical procedures or high stress events; implementation of protective practices for use of substances that are known to be hazardous and mutagenic, that is, protective clothing, air management systems, etc.; and development of new agricultural, industrial, and home products that are effective yet free of known carcinogens.
Interdisciplinary collaborations are needed to investigate the broad scope of factors that may alter individual susceptibility and promote lymphoid malignancies. Cooperation, collaboration, and participation among clinical and laboratory investigators, private and public funding agencies, and, most importantly, individuals diagnosed with NHL, will be critical for the advancement of knowledge and eventual prevention and/or cure of this disease.
